Early anatomical and physiological investigations of the neocortex have emphasized its columnar organization, for instance, the tight coupling and functional homogeneity of cells within cylinders of tissue that extend orthogonal to the lamination from the pial surface to white matter (Mountcastle, 1957; Hubel and Wiesel, 1962; Szenthagotai, 1975) . However, when more sensitive anatomical tracing methods became available it was discovered that these columns were interconnected by a dense network of far reaching tangential connections (cat: Fisken et al., 1975; tree shrew: Rockland and Lund, 1982) . These originate mainly from spiny neurons in supraand infragranular layers and, for example, in the cat visual cortex extend up to 8 mm (Gilbert and Wiesel, 1983; Martin and Whitteridge, 1984 ; for review, see Gilbert, 1992) . In the visual cortex of mammals these tangential axons reciprocally interconnect discrete clusters of neurons (tree shrew: Lund 1982, 1983; macaque: Livingstone and Hubel, 1984; cat: Kisvarday and Eysel, 1992) . These clusters measure about 0.4 mm in diameter and form a rather regular lattice with a center-to-center spacing of about 1 mm (tree shrew: Rockland and Lund, 1982; cat: Luhmann et al., 1986) . It has been proposed that these connections selectively link neurons that share similar functional properties such as the preference for a particular orientation or color (Ts'o et al., 1986; Ts'o and Gilbert, 1988; Gilbert and Wiesel, 1989; Malach et al., 1993 ; but see Matsubara et al., 1985) . The synapses of farreaching tangential connections exhibit the morphological features of excitatory synapses and contact the dendrites of spiny and nonspiny cells in the proportion with which these cell types occur in the target zone (Kisvarday et al., 1986; McGuire et al., 1991) .
The functions assigned to these tangential intraareal connections cover a wide spectrum. It has been proposed that they contribute to the generation of large receptive fields (Bolz and Gilbert, 1990; Schwarz and Bolz, 1991) , mediate inhibitory and subliminal excitatory effects from beyond the classical receptive field (Blakemore and Tobin, 1972; Nelson and Frost, 1978; Morrone et al., 1982; Allman et al., 1985; Gilbert and Wiesel, 1990) , sharpen orientation and direction tuning (Eysel et al., 1987; Eysel and Crook, 1990) , allow for adaptive changes of cortical maps after deafferentation (Merzenich et al., 1984; Kaas et al., 1990; Gilbert and Wiesel, 1992) , and serve to synchronize the activity of spatially distributed neurons in order to generate functionally coherent cell assemblies (Singer et al., 1990; Engel et al., 1991; K6niget al., 1993) .
In cat visual cortex these tangential connections develop only postnatally and acquire their final specificity only several weeks after birth (Luhmann et al., 1986 (Luhmann et al., , 1991a Price, 1986; Katz, 1990, 1991) . Most studies agree that the mature architecture of these connections results from refinement of an initially imprecise anlage, which is achieved by the elimination of exuberant or false connections (Luhmann et al., 1986 (Luhmann et al., , 1991a Katz, 1990, 1991) . There is also consensus that this specification process is activity dependent and influenced by visual experience (Luhmann et al., 1991a; Callaway and Katz, 1991) , and recently, evidence has been obtained that the selection of tangential connections occurs according to a correlation rule just as it is the case for the activity-dependent selective stabilization of thalamocortical connections (Lowel and Singer, 1992) . However, there are also conflicting results. While most of the investigators agree that in cat area 17 tangential connections get refined over the first 6 postnatal weeks, one study claims that the architecture of these connections is mature by 2 weeks (Liibke and Albus, 1992) . Another discrepancy is that one study (Luhmann et al., 1986) claims that the pruning process leads not only to a sharpening of clusters but also to a reduction of the average distance bridged by the tangential connections, while another study indicates that the length of the fibers increases steadily until the mature state is reached by about 4 weeks (Callaway and Katz, 1990) .
In contrast to the many and partially conflicting results on the postnatal shaping of the intrinsic connections, only sparse data are available on developmental changes of cells giving rise to these connections. Several populations of cortical neurons are transient during development or undergo striking modifications during early postnatal life, suggesting the possibility that different cell populations contribute to tangential connections at different developmental stages (Luskin and Shatz, 1985a; Wahle and Meyer, 1987; Valverde and Facal-Valverde, 1988; Chun and Shatz, 1989) .
Thus, the goals of the present study were first to identify the cell types participating in long-range intrinsic connections at different stages of development, and, second, to reexamine the process of refinement of intrinsic connections. To this end, tangential intrinsic axons and their parent cell bodies were stained at different postnatal ages. In one set of experiments intracortically projecting cells were retrogradely labeled in vivo with rhodamine latex beads and then visualized by in vitro filling with Lucifer yellow. In another approach, intracortical fibers including the cells of origin were traced postmortem in fixed brains with the lipophilic carbocyanine dye Dil.
Materials and Methods
We examined the visual conices of 15 kittens at different developmental stages and of 6 adult cats (see Table 1 ) either by in vitro labeling with the carbocyanine dye Dil (Godement et al., 1987) or by in vivo tracing with rhodamine-labeled latex microspheres (Katz et al., 1984) in combination with intracellular Lucifer yellow staining (Buhl, 1993) . These two complementary methods were applied in order to minimize methodological bias.
In vitro Tracing tvitb Dil
Animals were deeply anaesthetized with a lethal dose of pentobarbital (Nembutal) and then transcardially perfused with phosphatebuffered 4% paraformaldehyde (PA). Brains were removed and postfixed in 4% PA. Two to 5 d later a single crystal of the carbocyanine dye Dil (Molecular Probes, Eugene, OR), measuring about 200 jun in diameter, was implanted into the primary visual cortex (area 17; Fig. la-cy within the presumed representation of the area centralis (Tusa et al., 1978) . After incubation times of 6 months to 2 years 70 or 100 u.m thick vibratome sections were prepared from the visual cortex in the horizontal plane. The sections were mounted on slides in 0.1 M phosphate buffer, pH 7.4 (PB), coverslipped, sealed with nail varnish, and examined with a Zeiss Photomikroskop in equipped with a rhodamine epifluorescence filter set. A few sections were counterstained with cresyl violet or nuclear yellow (Schmued et al., 1982) to determine the cortical layers and the borders of area 17 according to the criteria of Otsuka and Hassler (1962) . In order to obtain permanent preparations of the Dil-labeled cells, a representative sample of the sections was photooxidized in 3,3'-diaminobenzidine (for details, see Galuske et al., 1993) . The photoconversion usually lasted 90-180 min.
Single cells were drawn with camera-lucida equipment under a 40X objective. Distributions of retrogradely labeled cells and anterogradely labeled axonal arborizations were plotted with the same equipment under a 2.5X or a 6.3X objective. The size and location of clusters of retrogradely labeled cells and of the superimposed patches of anterogradely stained axonal arborizations were assessed from camera lucida plots of horizontal sections through the medial bank of area 17 (Fig. \d,e) . Measurements were restricted to sections that were perpendicular to the cortical lamination. Labeled zones were classified as patches if well-demarcated clusters of anterogradely labeled terminal arbors contained also retrogradely labeled cells and had a diameter of more than 50 u.m.
The consistency of cortical tissue changes during postnatal development because of myelination (Haug et al., 1976) . Thus, the compression exerted by coverslipping leads to variable enlargement of the sections. We measured the factor for this enlargement by comparing the anterior-posterior and mediolateral extent of the sections before and after coverslipping and corrected all measurements accordingly. At PND 1 the enlargement was in the range of 15%, at PND 12 around 11%, at PND 21 around 6%, and in the older animals in the range of 4%.
Combination of in vivo Tracing with Rhodamine Beads and Intracellular Lucifer Yellow Staining
For intracortical microsphere injection of rhodamine beads the animals were anesthetized with 30 mgAg ketamine (Ketanest) and 15 mg/kg xylazine (Rompun) intramuscularly. A small craniotomy was performed over area 17 and the dura was removed over the presumed representation of the area centralis. Then rhodamine-coupled latex beads (Lumafluor, New City, NJ; 200 nl) were pressure injected into the cortex at a depth of about 700 u.m. One week later the cats were reanesthetized with an overdose of pentobarbital and then transcardially perfused with 4% PA. The brains were postfixed for 4-8 ruin the same fixative at 4°C, and then 150 |im thick vibratome sections were prepared from the visual cortex. Subsequently, retrogradely labeled cells were identified in the submerged slice by epifluorescence microscopy and selected for injection. The cells were then impaled with an electrode filled with 5% aqueous solution of Lucifer yellow CH (LY; Sigma, St. Louis, MO) and dye loaded by applying negative constant current (2 nA) for 15-20 min. (For details on the injection protocol, see Galuske et al., 1993.) After the injection double labeling was checked by changing filters and then the sections were cleared in pure dimethylsulfoxide for further analysis.
Lucifer Yellow Immunocytochemistry
In order to obtain permanent preparations LY-filled neurons were stained with an antibody against LY kindly supplied to us by Dr. Tom Ruigrok from the Erasmus University, Rotterdam (NL). For immunostaining we used a modified protocol from Wouterlood et al. (1990) . Sections were preincubated in a solution containing 20% normal goat serum (NGS), 10% bovine serum albumin (BSA), and 0.01 M rf-/-Lysine in phosphate-buffered saline (PBS), 0.1 M, pH 7.4 for 2.5 hr. Then the tissue was incubated with the first antibody, anti-LY from rabbit (rb), diluted 1:4000 in PBS with 10% NGS, 5% BSA, 5% sucrose, 0.5% Triton X-100, and 0.05% NaN, for 20 hr at room temperature. After rinsing in PBS for 3X 15 min, the second antibody, biotinylated anti-rabbitIgG from goat (Sigma), diluted 1:200 in PBS with 10% NGS, 5% BSA, and 0.5% Triton X-100, was applied for 3 hr. Sections were subsequently rinsed three times in PBS for 15 min. Finally, sections were incubated with HRP-coupled Avidin (Vector) in PBS at a dilution of 1:200 for 1 hr. After three rinses of 15 min in PBS, the peroxidase reaction was performed with diaminobenzidine (DAB; Sigma), applying 0.05% DAB in PBS with 0.033% H 2 O 2 for 15 min. After further washing the tissue in PBS the sections were mounted on glass slides, air dried, dehydrated, and coverslipped with Histomount (Shandon, Frankfurt, Germany).
Results

Quality and Extent of Labeling
At all examined ages retrogradely labeled cells were present in the lateral geniculate nucleus with both tracers, Dil and Rhodamine beads. Furthermore, labeled neurons and in the 1mm Figure 1 . a, Cresyl violet-stained horizontal section through area 17 including the implantation site of the Oil crystal [arrow). The arable numbers indicate the cortical areas, the roman numbers the cortical layers, b, Schematic drawing of the cat brain seen from the dorsal surface. The arrow indicates the site of crystal implantation corresponding to the section in a. The borders of visual areas 17,18, and 19 are outlined (from Otsuka and Hassler, 1962) [a, anterior; p, posterior; m, medial; /, lateral) , c, Medial aspect of the cat brain. The arrow indicates the site of dye implantation, the line indicates the level of the horizontal section shown in a. Hatched regions correspond to area 17 (from Otsuka and Hassler, 1962) (a, anterior; p, posterior; d, dorsal; v, ventral) , d, Horizontal section through the medial bank of area 17 of a kitten at PND 26, showing the patchy distribution of Dil-labeled cell bodies and axon terminals {arrows), e, Same section as in (/with the borders of the axon terminal fields outlined. We took the anterior-posterior extent of the outlined fields as a measure for the size of the patches.
v 10 mm case of Dil labeling, also anterogradely stained fibers were detectable in cortical areas 18,19, and 21. In order to evaluate the sizes of the effective uptake zones of the tracer in the cortex we examined the patches of retrogradely labeled cells in the LGN at different postnatal ages between PND 12 and adult ( Fig. 2a,b~) . Calculations based on known magnification factors revealed that effective uptake zones for geniculocortical axons had diameters below 1 mm. In the brains that had Dil crystals implanted labeled cells were also found that had morphological characteristics of astrocytes and oligodendrocytes. These were usually in close association with labeled axons, suggesting transcellular diffusion of the dye across contiguous membranes. In order to examine the possibility that such transcellular transport of the dye had also occurred between neurons, brain areas were investigated in addition, which receive a massive projection from the visual cortex but do not themselves send axons to the cortex. One of these structures is the perigeniculate nucleus. We examined this nucleus at several postnatal ages (PND 12, PND 15, PND 26, and PND 50) and never observed any labeled neurons, although heavy labeling of passing axons and of adjacent cells in the lateral geniculate nucleus proved that the dye had readily migrated to the thalamic nuclei. This consistent lack of transneuronal staining suggests that also in the cortex only those neurons were labeled whose neurites were in direct contact with the dye crystal. In order to control for incomplete Dil transport we compared the Dil-stained neurons with the sample labeled with beads and filled with LY (ji = 161). Both methods identified the same populations of tangentially projecting cells, gave the same values for the maximal extent of tangential fibers and revealed very similar laminar and tangential distributions of retrogradely labeled cell clusters. beled over distances of more than 10 mm (Fig. 4) , suggesting that their axons cross area boundaries. Tangentially spreading labeled fibers were also numerous in the lower third of the cortical plate ( Fig. 3« ) but they did not reach further than 4.4 mm from the dye crystal (Fig. 4) . Although retrogradely labeled cell bodies were readily distinguishable in the plate and in layers V and VI up to a distance of 4.4 mm from the crystal, there was no indication for a clustering or a columnar organization. In the subplate, retrogradely filled neurons were found only rarely and only close to the injection site (2.3 mm).
At PND 6 the laminar distribution and the extent of the tangential connections still resembled those at PND 1 in cortical layers I-VI but tangential axons and retrogradely labeled cell bodies were now also observed in the subplate over distances of more than 4 mm. Between PND 6 and 21 these labeled subplate neurons were consistently found over greater distances from the injection site than the labeled neurons in the cortical plate (Fig. 4) .
At PND 12 and PND 15 the density of labeled tangential fibers in layer I was reduced in comparison to earlier stages, and retrogradely labeled cells were only occasionally encountered over distances above 5 mm. By contrast, connections in the subplate had increased their span and now frequently bridged distances above 5 mm (Fig. 4) . The spatial extent of the tangential connections in layers II-VI was about the same as before (ca. 4 mm), but these fibers now showed a tendency to segregate into supra-and infragranular streams (Fig. 3fe ). This separation became increasingly accentuated over the following 2 postnatal weeks and was completed by the end of the fourth postnatal week (Fig. 3c,d ).
Between PND 15 and PND 26 the density of tangential fibers and the number of retrogradely labeled neurons in layer I decreased further. However, single retrogradely labeled CajalRetzius cells remained observable up to the end of the first postnatal month over distances from the crystal of more than 7 mm. In layers II-VI, the distance spanned by tangential fibers revealed adult values of more than 8 mm (Fig. 4) . Individual sections often contained only one or two neurons that were retrogradely labeled over such long distances (Fig. 5d,e) ; however, in most cases labeled neurons were found at comparable locations in neighboring sections, confirming that such far-reaching connections are common at and beyond the age of 4 weeks and exhibit clustering characteristic of mature intracortical connections. Retrogradely labeled cells located as far as 8 mm away from the site of tracer injection have also been observed in supragranular layers of two adult cats that had been injected with rhodamine beads. This excludes the possibility that the labeling of remote cells is due to possible artifacts of the Dil technique such as transneuronal diffusion of the dye. However, in a third adult cat, retrogradely labeled cells were found only within 1.5 mm from the beads injection, suggesting the possibility that not all cortical sites entertain such long-ranging connections. In the subplate, the distance over which retrogradely labeled cells were observed in the white matter increased beyond PND 12 and reached adult values of about 8 mm by the end of the fourth week. Retrogradely labeled neurons in the white matter could still be detected in animals at PND 50 and in the adult over comparable distances.
Developmental Changes in the Clustering of Tangential Connections
In the visual cortex of adult cats single injections of orthoand retrogradely transportable dyes lead to discrete regularly spaced patches of label around the injection site. These patches consist of clusters of retrogradely labeled neurons and of a dense mesh of axon collaterals. The latter comprise both local ramifications of axons derived from the retrogradely labeled cells and, if orthograde tracers are used, terminal arborizations of tangential axons coming from the site of dye injection. This has been taken as evidence that tangential intracortical connections are selective and preferentially link cortical regions that are in most species separated by about 1 mm (see introductory paragraphs). In our material indications for such a clustering of retrogradely labeled cells or anterogradely labeled axonal arborizations were absent at PND 1 and PND 6. At PND 12, however, two to three diffuse clusters of labeled cell bodies and axon terminals became discernible on either side of the dye injection in individual sections (Fig.  5« ). At this early developmental stage the clusters were only poorly delineated, had a blurred appearance and the segregation into a supra-and infragranular portion was still incomplete (Fig. 5fo) . The average diameter of these early patches was in the range of 500 \un and their spacing about 1 mm. These values are similar to those in the adult (Table 2) . During the following weeks the patches of labeled cells and neuropil became more sharply delineated because labeled profiles disappeared from interpatch zones (compare Fig. 5fe,c) . Moreover, patches became clearly segregated into a supra-and infragranular moiety, the former usually containing more labeled cells than the latter (Fig. 5c,d) . When both the supra-and infragranular portions were visible they were always in register in a column-like fashion but especially at large distances from the crystal, patches could be confined to supragranular layers (Fig. 5d) . The most marked change in the organization of the patches after their appearance at PND 12 was die reduction of the variability of their size. The standard deviation of the average patch size decreased from 32% at PND 12 to 18% in the adult (Table 2 ). The comparison of this variable across ages indicates that the development towards homogeneous patch sizes continues beyond the fourth postnatal week. At PND 26 patch variability is still markedly larger than in the adult.
The regular periodic spacing of cells projecting to the site of dye injection is also respected by the very distant cells. Even for the solitary cells encountered at distances of up to 8 mm from the dye injection the distance to the next cluster was always in the range of the mean intercluster distance measured in the respective brain (Fig. 5e) .
Developmental Changes in the Population of Neurons Emitting Long-Range Tangential Axons
Three major classes of projection neurons can be distinguished by their laminar position and morphology. The first
Mm
class consists of Cajal-Retzius cells, which are located in layer I (Fig. 6a) . Especially during early phases of development these neurons are retrogradely labeled over very long distances and even across areal boundaries. They have long horizontal neurites that remain within layer I and emit several vertical collaterals towards the pia. Despite intensive search Cajal-Retzius cells were never seen to extend neurites into deeper layers. In agreement with previous developmental studies ( Parnavelas and Edmunds, 1983; Derer and Derer, 1990) opment and even at late stages remained characteristic of Cajal-Retzius neurons. The second class of tangentially projecting neurons consists of cells located in the white matter. Early in development most of these cells have the morphological characteristics of inverted pyramidal cells and their dendrites are beaded and covered with hairpin-and spinule-like protrusions (Fig. 66) . These cells in the subplate appear around the end of the first postnatal week and some of them are still present in the adult brain. In the adult, however, dendrites are no longer beaded and covered with fine protrusions but exhibit normal spines (Fig. 6c,d ). Between the first and fourth postnatal week these cells elongate their axons from 4 mm to 8 mm and remain retrogradely traceable over these distances in the adult (Fig.  4) . Around the fourth postnatal week the dendrites of these neurons assume a multipolar arrangement (compare Fig. 66,c) which is maintained into adulthood (Fig. Get) . Neither the projection cells in layer I nor those in the subplate exhibited a patchy distribution and, hence, were not in register with the grid of labeled patches in supra-and infragranular layers.
The third class of tangentially projecting neurons consists of cells located in layers n-VI or, before the differentiation of these layers, in the cortical plate. This class can be further subdivided into two morphologically distinct types of neurons, multipolar cells, and pyramidal neurons. The somata of the multipolar cells have an ovoid shape and most of the dendrites emerge from the apical and basal pole extending in all directions. The axon usually originates at the apical pole and takes an ascending course. In pyramidal neurons and also in most of the inverted pyramidal neurons the axon emerges from the basal pole or one of the major basal dendrites.
In the first postnatal week the multipolar cells occupy mainly the lower third of the cortical plate (Fig. Id) and later they become concentrated in layer V (Fig. 76) . Their ascending axon gives off horizontal collaterals in the middle part of the cortical plate and can often be followed up to layer II (Fig. la) . Multipolar cells seem to mature earlier than pyramidal cells since they exhibit rather elaborated dendritic and axonal arborizations already during the first postnatal week (Fig. la) . The distance spanned by their tangential axons appears to be less than that of pyramidal cells, as retrogradely labeled multipolar cells were never seen beyond a distance of 3.5 mm from the crystal or the beads injection. Also, tangential axons of multipolar cells seem to be less selective than those of pyramidal cells since retrogradely labeled multipolar cells were found in interpatch zones more frequently than pyramidal cells.
The second and most frequent type of tangentially projecting cells in layers II-VI are pyramidal neurons of the normal (Fig. 8) and the inverted type (Fig. 9) . During the first 2 postnatal weeks retrogradely labeled pyramidal cells are homogeneously distributed throughout the entire cortical plate and the already differentiated layers V and VI. The time of outgrowth of horizontal axon collaterals did not appear to depend on the laminar position and, hence, on the maturity of these neurons. Retrogradely labeled cells could differ markedly with respect to their developmental stage within the same section. At the end of the first postnatal week tangentially projecting pyramidal neurons in the upper parts of the cortical plate had their dendritic arbors still covered with growth cones and exhibited only poorly developed basal dendrites, while in the infragranular layers the dendritic arborization had already achieved a high degree of complexity (compare Fig. 8a,c) . The main axon of both supra-and infragranular pyramidal cells is descending and typically gives off a recurrent ascending collateral and several horizontal branches.
During the following weeks the tangentially projecting pyramidal cells increase the number of dendritic branches (Fig.  8b,d,e) . In addition, the length of the apical dendrite gets reduced, especially in infragranular neurons. Up to the third week, labeled infragranular pyramidal neurons have an apical dendrite that passes mainly unbranched through the upper cortical layers and forms an apical dendritic bouquet in layer I (Fig. 8d) . In animals older than 3 weeks labeled pyramidal cells in infragranular layers only rarely had apical dendrites reaching layer I, most of the dendrites extended only up to layers III or IV (Fig. 8e) .
From PND 15 onwards inverted pyramidal cells, located mainly in layer V, were found among tangentially projecting neurons (Fig. 9a,b) . Between PND 15 and PND 30 some of these inverted pyramids had, in addition to the mainly downwards oriented major dendrites, a thin and unbranched apical dendrite (compare Fig. 9a,c to Fig. 9b,d,e) , a variety that has never been observed at later developmental stages (Fig. 9b,e) . All of these inverted neurons had a descending axon emitting several horizontal collaterals (Fig. 9c) . The age-dependent increase in the tangential extent of axon collaterals of inverted pyramidal neurons was similar to that of normally oriented pyramidal neurons. In the infragranular layers, inverted neurons were found to be labeled over distances of up to 6-8 mm from the injection site after PND 26.
In addition to these populations of projecting cells in the supra-and infragranular layers a few spiny stellate neurons in layer IV were also found to be labeled. Interestingly, these neurons, like the inverted pyramidal neurons, were detected only after the end of the second postnatal week. The maximal distance spanned by their axon was in the range of 4.5 mm.
Discussion
Methodological Considerations
The two tracing methods applied in this study, the postmortem labeling with Dil and the in vivo tracing with rhodamine beads, yielded very similar results. As the selectivity of the retrograde transport of rhodamine beads is well established (Katz et al., 1984) , this validates the Dil data on which most of our conclusions will be based. We were particularly concerned about the possibility that Dil might pass across membrane appositions, thus causing transneuronal labeling of cells that are not connected to the site of tracer deposition. However, neither the results of Liibke and Albus (1992) nor those of the present study have provided any indications for a transneuronal passage of Dil in the visual centers of the mammalian brain. Despite intense labeling of corticothalamic projections and thalamocortical cells, both of which are connected to perigeniculate cells, the latter were never stained. The laminar specificity of the labeling within area 17 also supports the reliability of the applied tracing methods. Labeled neurons were only rarely detectable in layer IV, although a great number of heavily stained dendrites from neurons in layers V and VI and vertically oriented axons traversed this layer. The similarity of the results obtained with beads and Dil, especially with respect to the maximal extent of the connections and the classes of parent cells, suggests that no major bias could have been introduced by incomplete diffusion of Dil.
The Development of Tangential Connections
The present results indicate that the development of tangential connections occurs in three distinct phases. The first Cerebral Cortex Mayflun 1996, V 6 N 3 423 The numbers in the parentheses give the standard deviation as percentage of the mean value of patch size. All measurements have been corrected for the respective factors of enlargement of the sections during coverslipping.
•Kruskal-Waliis test p = 0.031 **Kruskal-Wallis test p = 0.075.
phase consists of the outgrowth of neurites originating from partially transient neurons located in cortical layer I and the subplate (Fig. 10<z,& axon terminals is established (Fig. 10c ). The refinement of the connections, which initially occurs in parallel with the outgrowth of axons, might be considered as a third stage because it must involve regressive rather than proliferative events and outlasts axon elongation by 3-4 weeks (Fig. 10d,e) . In this phase the size of the patches becomes more uniform and the number of cells in interpatch zones gets reduced, but despite the continuing expansion of the surface of area 17, the distances between patches remain constant in the range of 9OO-1OOO u.m (Fig. 10/) .
Precursor Networks in Layer I and the Subplate
The earliest horizontal connections consist of transitory axons originating from Cajal-Retzius cells (Retzius, 1893) located in layer I and nonpyramidal cells in the subplate, the ontogenetically older parts of the cerebral cortex (Luskin and Figure 8 . Camera lucida drawings of tangentially projecting pyramidal neurons in kitten visual cortex at different ages, a, Dil-labeled supragranular pyramidal neuron at PND 6 located 3.4 mm from the crystal. Note the immature dendritic tree and the axon with two horizontal collaterals [arrowy, b, Dil-labeled supragranular pyramidal neuron at PND 15 located 3.8 mm from the crystal. Note the well-differentiated dendritic arborization and the descending axon [arrow], c, Dil-labeled infragranular pyramidal cell at PND 6,19 mm from the crystal. The arrow indicates the descending axon. The apical dendrite leaves the section right below the border between layer I and the cortical plate. d, Dil-labeled infragranular pyramidal cell at PND 15, 3.7 mm from the crystal. Note the elaborated horizontal axonal collateralization (a/rows), the ascending recurrent collateral (filled arrowhead) and the apical dendritic tuft in layer I {open arrowhead!, e, Beads labeled and LY-filled infragranular pyramidal neuron in an adult cat at a distance of 5.4 mm from the injection site. The apical dendrite does no longer extend into layer I, but ends in layer IV [arrowheaa). Shatz, 1985a) . Within the first 2 postnatal weeks Cajal-Retzius cells provide the longest intracortical connections, and there are indications that these cells play an important role in organizing the development of cortical architectures (Marin-Padilla, 1992). They probably establish temporary contacts with virtually all neurons of the cortical plate that extend apical dendrites to lower layer I while they migrate towards their final laminar position. This possibility is supported by the fact that the density of synapses is highest at the border between layers I and n during this developmental stage (Molliver and Van der Loos, 1970) . Direct evidence for an involvement of layer I in the organization of corticocortical connections comes from the experiments of Caric and Price (1994) , who showed that ablation of layer I prevents the development of projections from area 17 to 18.
The tangentially projecting subplate cells probably belong to a class of neurons that are generated very early (Valverde and Facal-Valverde, 1988; Chun and Shatz, 1989) . They receive synaptic input from the lateral geniculate body earlier than the cortical target cells in layer IV and gate the ingrowth of thalamic afferents into the cortex (McConnell et al., 1989; Gosh et al., 1990; Ghosh and Shatz, 1992) . Our data indicate that these subplate neurons extend long tangential axon collaterals into the cortical plate, especially between PND 6 and PND 26. They are thus in a good position to mediate at an early developmental stage the tangential interactions required for the activity dependent formation of functional maps and columns. In a recent developmental study using biocytin as tracer, Assal and Innocenti (1993) have described similarly long-ranging tangential axons below the cortical plate during the first 2 postnatal weeks.
A small population of tangentially projecting white matter neurons was still found in the adult. These are probably belonging to the small number of early-generated subplate neurons that persist into adulthood as they exhibit similar morphological features (Valverde and Facal-Valverde, 1988; Chun and Shatz, 1989) .
The Development of Tangentially Projecting Neurons in the Cortical Plate
Tangentially projecting cells in the cortical plate are located in all cortical layers except layer IV and develop their characteristic laminar pattern gradually during the first 2 postnatal weeks. The outgrowth of horizontal axons occurs simultaneously in supra-and infragranular layers and, hence, independently of the developmental stage of cortical cells. The neurons in the upper cortical layers are generated later (Luskin and Shatz, 1985b) , and at the time of axonal outgrowth their dendrites are less mature than those of the neurons in the infragranular layers. A similar conclusion has recently been drawn on the basis of intracellular fillings with Lucifer yellow (Katz, 1991) , and in the case of callosally projecting neurons it has been shown that they extend a neurite to the contralateral hemisphere while still migrating (Schwartz et al., 1991) .
Two morphological classes of tangentially projecting neurons could be identified: cells with a multipolar dendritic arrangement, and pyramidal neurons. The former are initially concentrated in the lower third of the cortical plate, and later they occur predominantly in layer V. These cells closely resemble an early maturing subpopulation of nonpyramidal neurons that have been identified as GABAergic cells (Meyer and Ferres-Torres, 1984) . In contrast to the tangentially projecting pyramidal neurons in the same cortical layer, the multipolar cells exhibited a very mature dendritic and axonal arborization pattern already in the first postnatal week. This observation is in conflict with the notion that the axonal development of nonpyramidal neurons is retarded in comparison to that of pyramidal neurons (Miller, 1986) . A possible reason for this discrepancy is that the population of nonpyramidal cells is heterogeneous with respect to their developmental time course (Soriano et al., 1989) and that cells with long tangential axons may mature particularly early. The development of the multipolar cells differed from that of the pyramidal neurons in several respects. First, their axons did not change in length during development but remained in the range of about 3-3.5 mm form birth to adulthood. Second, these neurons did not respect the grid of clustered connections formed by the pyramidal cells in the supra-and infragranular layers. This latter observation is in accordance with the putative GABAergic nature of the multipolar cells; neu- 
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rons participating in clustered projections generally do not exhibit immunoreactivity for GABA (LeVay, 1988) , and the axonal projection pattern of GABAergic cells does not undergo the postnatal refinement of the clustered connections (Albus and Wahle, 1994) .
The tangentially projecting pyramidal neurons, by contrast, underwent extensive developmental modification. The length and selectivity of their axonal projections increased and the morphology of their dendritic trees changed. Up to the third postnatal week their apical dendrites usually reached into layer I, but thereafter more and more cells were found, especially in the infragranular layers, whose apical dendrites extended maximally up to layer n or, as in the case of inverted pyramidal neurons, failed to reach supragranular layers altogether. A similar dendritic rearrangement has been observed in callosally projecting neurons with a similar time course (Assal et al., 1991; Ellberger and Dodson, 1994) . This restriction of dendritic extension appears to be a typical feature of infragranular neurons projecting exclusively to cortical targets and distinguishes them from pyramidal cells projecting to brainstem and midbrain structures as the apical dendrites of these cells reach layer I (Huebener et al., 1990; Weisskopf and Innocenti, 1991; Bueno-Lopez et al., 1991) .
Shaping of Clustered Connections
Our data indicate that the tangential connections in cortical layers II-VI express the characteristic clustered pattern with adult-like periodicity already towards the end of the second postnatal week before they have reached their maximal length. At that time the maximal tangential extent of the con- nections does not exceed 3.6 mm and the patches are of very heterogeneous size and poorly delineated. Many projection neurons are still located between the patches. The functional architecture of the visual cortex is immature at this developmental stage and feature maps lack precision (Sherk and Stryker, 1975; Thompson et al., 1983; Fregnac and Imbert, 1984; Kim and Bonhoeffer, 1993) , suggesting a correspondence between functional and structural immaturity. Since kittens open their eyes only around the end of the second postnatal week (Blakemore and Cummings, 1975) , the initial clustering of tangential connections cannot be guided by visual experience. Similar findings have been reported in the development of the ferret, monkey, and human visual cortex (Welicky and Katz, 1994; Yoshioka, 1994; Burkhalter et al., 1993) . Therefore, the clustering of the connections must be determined by intrinsic cues. Whether these consist of molecular markers or are provided by self-generated activity patterns as it is the case, for example, for the columnar segregation of afferents from the lateral geniculate nucleus (Stryker and Harris, 1986) , is unknown. The subsequent development is characterized by the occurrence of three different processes: the further extension of the tangential projections, the sharpening of patch boundaries, and the growth-related enlargement of the cortical sheet. No exact data are available about the postnatal growth of the cat visual cortex. The changes in the weight and size of the telencephalon and the increase in cortical thickness (Galuske, personal observation) suggest that in general the neocortical area should increase by a factor of about 50% between PND 12 and the adult. If the visual cortex expands in a similar way beyond the age of 2 weeks, a developmental mechanism has to be postulated that keeps the average spacing of the clusters constant despite of the enlargement of the cortical sheet. Inevitably, this requires the addition of clusters and shifting the location of existing clusters. Emergence of new clusters can, in principle, be achieved in two ways: by segregation of existing clusters, or by formation of new clusters. Our data indicate that the variability of cluster size is initially very high and decreases during development. This would be compatible with growth-related expansion and segregation of clusters. Large clusters just about to segregate would cooccur with small clusters that have just split up. One implication of this scenario is that new clusters originating by separation from large clusters should preserve the connections of their parent cluster and, hence, should remain directly connected. Thus, many of the already established connections should be preserved during this reorganization process. This interpretation is compatible with data of Callaway and Katz (1990) , who injected the same cortical location twice at different ages with different dyes and found that many neurons in the clusters became labeled with both dyes.
Growth-related segregation of expanding clusters could account for the relative constancy of intercluster distance during development and for the initially high variability in cluster size; but the sharpening of cluster boundaries and the disappearance of cells from intercluster zones is most likely due to actual removal of connections. This latter process appears to be guided by visual experience. Binocular deprivation delays and impedes this selection process (Luhmann et al., 1991a; Callaway and Katz, 1991) and manipulations of visual experience lead to very specific modifications of the architecture of tangential connections (Lowel and Singer, 1992) . However, since the outgrowth of axons is not complete by the time of eye opening there is a developmental period of about 2 weeks during which the formation of new connections overlaps with activity dependent selection.
Comparison to Other Studies
Several recent studies investigated with different methods the formation of long range intracortical connections in the visual cortex (Luhmann et al., 1986 (Luhmann et al., ,1991a Katz, 1990, 1991; Lubke and Albus, 1992) . The conclusions reached in these reports differ in several important aspects (see introductory paragraphs) and some of them are in conflict with the present results.
There is general agreement that the clustering of tangential connections emerges only postnatally but before eye opening. Different views are held, however, with respect to the subsequent developmental processes, their exact time course,and the mechanisms of specification. The present evidence that changes in the layout of the intracortical connections continue up to the end of the eighth postnatal week agrees well with the studies of colleagues (1986, 1991a) and Katz (1990,1991) . Liibke and Albus (1992) , by contrast, claim that the pattern of tangential connections is adult-like at the end of the second postnatal week. This discrepancy could result from differences in a priori assumptions on the putative developmental mechanisms. Liibke and Albus assume that (1) the patches are approximately round in their tangential extent, and that (2) the sharpening of the patchy pattern of connections results from a loss of projection neurons in concentric circles around the patches. Our results do not support these assumptions. We frequently found in sections tangential to the lamination that the clusters of retrogradely labeled cells had band-like or ellipsoid shape, an observation supported by studies using the flat mount technique (Lowel and Singer, 1992) . Thus, Liibke and Albus may have attributed cells to interpatch zones that we have included into the patches. Differences in the definition of patches may also have resulted from the fact that in our analysis we used for the definition of the area of a patch not only the accumulation of retrogradely labeled neurons but also the distribution of anterogradely labeled axonal terminals. It is thus conceivable that Liibke and Albus excluded cells from patches that we have included. This should have reduced apparent developmental changes in the distribution of extrapatch cells in their sample, suggesting no further refinement after PND 12.
Another controversial issue concerns the mechanism supporting the final specification of the intracortical network. Our data indicate that the intracortical connections increase their length steadily until they reach their adult extent of maximally 8 mm at the end of the fourth postnatal week. Luhmann et al. (1986 Luhmann et al. ( , 1991a report, by contrast, that after a steady increase in length to maximally 8 mm in the fourth postnatal week the lateral extent of the tangential fibers decreases again to about 3 mm in the adult animals. This discrepancy is most likely due to the fact that Luhmann et al. assessed the distribution of connections with densitometry, identifying clusters on the basis of the average density of transported label. Our present data, which agree with results from intracellular in vivo filling of single neurons (Gilbert and Wiesel, 1979, 1983; Martin and Whitteridge, 1984) , indicate that in older animals the distant patches consist only of very few labeled neurons and fiber bushes. Since it is likely that the terminal arborizations of labeled fibers contribute more to the local accumulation of label than retrogradely stained cells, pruning of terminal arbors at later developmental stages might have reduced anterograde labeling of distant patches below detection threshold of the densitometric method of Luhmann et al. (1986 Luhmann et al. ( ,1991a . Katz (1990,1991) , using rhodamine-coupled latex microspheres, also failed to detect the far-reaching connections in the older animals. This is probably due to the fact that the terminal arbors of the most far-reaching axons are sparse. Hence, uptake of retrograde tracer would be reduced and chances to label distant cells would decrease. Our failure to label remote cells with beads in one adult animal despite strong retrograde labeling of the lateral geniculate nucleus may be interpreted in the same way. A reduction of the most far reaching synaptic interactions beyond 4 weeks of age is also supported by physiological evidence. Single-cell recordings (Luhmann et al., 1991c) and current source density analysis (Luhmann et al., 1991b ) from kitten visual cortex have shown that influences of light stimuli from beyond the classical receptive field and the strength of synaptic responses to remote intracortical stimulation decrease markedly between 4 and 8 weeks of age. Thus, the various reports can be reconciled if one assumes that the very far-reaching fibers spanning up to 8 mm persist beyond the fourth postnatal week but become more sparse due to axon elimination, their reduction being probably more pronounced than that of the more short-ranging connections.
Thus, it appears that most, if not all discrepancies can be resolved if one accepts that the definition of a patch is difficult during early phases of development and that one may come to different conclusions, depending on whether one emphasizes as leading criterion the grouping of retrogradely labeled cells (Callaway and Katz, 1990; Liibke and Albus, 1992) , the clustering of terminals of individual cells (Callaway and Katz, 1990) or the overall density of retro-and anterogradely labeled profiles (Luhmann et al., 1991a) . Irrespective of these methodological differences, all studies except the report of Liibke and Albus (1992) agree that the network of tangential connections reaches its mature pattern only between the fourth and eighth postnatal week and that the final specificity is attained by an experience-dependent process that removes axon terminals from regions, which in the mature system, are addressed as interpatch zones.
